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SUMMARY 

Cylinder- to-cyllnder temperature and mixture distributions of 
four different aircraft engines were analyzed to determine the pos- 
sible economy of automatically supplying water or additional fuel 
to only those cylinders having excessive temperatures, The cool- 
ing problem as distinguished from the fuel -knock problem was 
studied and an analysis limited to those cases In which addi- 
tional cooling' 1 8 ordinarily obtained by carburetor, enrichment 
was made* 

The results show that, for conditions in idlieh overheating is 
reduced by enriching the mixture to the entire' engine, reductions 
in fuel consumption from 7 to 37 percent may be obtained for 
c rut Bing operation by supplying water or fuel to only the over- 
heated cylindersc Appreciable gaine In economy are also indicated 
for temperature-limited engines operating at ratod-power fuel-air 
ratio and for temperature*. limited ongmes having uniform fuel-air 
mixture distributions* In general, improvements in economy are 
found to be practioally indep evident of the sensitivity of the 
coolant-metering device for sensitivities (flow response with 
respect to temperature change) greater than 1*5 pound per hour 
per °7* 


INTRODUCTION 

Several methods of improving temperature distribution in a 
radial air-cooled engine with a 335'^-oubio-inoh displacement have 
been.triodc, These methods include merne of improving ' thb cooling- 
air’ distribution, ' metuiB of obtaining a more uniform fual-mixture 
distribution, reference 1, and means of supplying internal coolants 
to speclflod cylinders in the engine* 


2 


MCA MR No.*. E5Gl4 


Ab part of' the general program of improving .tike' temper at nr e 
distribution of this engine requested by the Air Technical serv- 
ice Command, Army Air Tores s, an ’ analysis to determine the 
advantages of supplying an internal coolant, water or additional 
fuol, as a function of the temp era ttires of the overheated aircraft- 
engine cylinders was .made at the MCA Cleveland laboratory during 
the early part of 1945*' The temperature arid .mixture .distributions 
of the &-3350 engine and of _three other radial air-cooled enginos 
were analyzed' to determine the possible economy oh ted. nod .by supply- 
ing water or additional fuel to only those cylindors having exces- 
sive temperatures* The cooling problem as distinguished from tho 
requirements lmposod by fuel knock Is considered and the investi- 
gation is limitod to those casos in Which additional' cooling is 
ordinarily obtained by enriching tho mixture to tho ontiro engine* 


.METHODS OF ANALYSIS 

. Cylinder- to-cylinder temperature and mixture distributions- of 
. representative aircraft engines woro obtained from fuol volatility 
flights tests conducted in ig44 by the Army Air ForcoB and the 
Coordinating Fuel Research Comraittoe and from reference 2 and ■ 
unpublished MCA. data* The quantity of additional fuel required 
to reduce the cylinder temperatures to assumed values by supplying 
fuel to the ontire engine was then compared with the amount of 
additional, fuel or water required to roduco only the temperatures 
of tho overheated cylinders. 


Assumed Conditions of the Analysis’ 

The analysis was based on tho following assumptions: 

. 1. Basic .fliol-air ratios of O.065 and 0*086 for cruising and 
rated power operation, respectively* (Tho. tom "basic 
fuel-air, ratio" is defined as the fuel-air. mixture 
metered by the oarburetor as distinct from tho fuel-air 
mixture of the individual cylinders*) 

2* A thermostatically operated coolant valve for automatically 
supplying additional fuel or water as required by each 
cylinder* (The flow response of such a valve with respect 
to a change in tomperatiire is referred to as "valve sensi- 
tivity" and is noasurod in lb/hr/°F*) 

3* A carburetor having an infinitely variablo mixturo control* 

(This assumption is conservative because only two positions, 
automatic loan and automatic rich, are used in practice*) 

4* A grade of fuel adequate to prevont fuol knock 
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5 * Uniform, charge- air distribution 

. . . . i 1 ' • : • 

6 * -Baoh ' cylinder enriched. tho-same amount' whan tonparatuxes 
are reduced by oarburetor enriching - 

7 . The power output or specific fuel consumption unchahgod 

when '.water is. used as a coolant - 

8 . Oonstjirit . charge-air. flow eonditions- 


Experimcntal Engine Bata Used in the Analysis 


The original conditions of engine operation from which the 
analysis was made are listed in the following tablet 
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Although the analysis was chiefly concerned with cruising condi- 
tions, one example at a ratod power fuel-air ratio was desirable. 
Engine IV was chosen because of available data at this fuel-air 
ratio. 

A fuol-air ratio of 0 o 06 j? representing cruising conditions was 
desirable fof the analysis. Because the engine II and engine III 
data were different from this value, they wore converted to a basic 
fuol-air ratio of 0.065 hy using plots similar to figure 1. ThO 
engine 17 data at a fuel-air ratio of 0.0 64 were. hot converted to h 
fuel-air ratio of 0.0 65. Bor simplicity, such data are roforrod to 
in the text as having a fuol-air ratio of 0.0 65, although they are 
labeled in the figures with tho actual values used. 
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The temperature of each engine ' woe' adjusted to, varieup- ■ 
t emp on=i.tjj 1 re^ i l lmi ted l evel a "by varying all cylinder tamp ora turos‘ 
equal amcfuti'tiB* ' The" original curvbe and the final modif i edr.curveB 
for the highest teanperatur&^iiinited condition used in the .calcula- 
tions are presented in figures 2 to 6* The analysis was ohlofly 
concerned - ' with existing' fuel-air ratio distribution conditions hut 
ono oxanplo of uniform cylindeivt'o-oylinder fuel-air ratio distri- 
bution was dosirablo to show the possible effect of future improvo- 
nentso Engino 111 was solect'ed for this puitposo- and figuro 3 shows 
tho existing fuel-air ratio distribution modified to uniform fuol- 
air ratio distribution* 

Method of Obtaining Final Results 

Euol caolln go — Tho nothod used to obtain tho final results is 
J illustrated by-' a -hypothetical throo»cylindor ongLno* ■ An assumed 
'curvo of carburetor fuel-air ratio plotted against .cylindor t<n>-.. 
P9ratiiro was drawn through tho' three cylindor temperatures A v B, 
atid' C'for the selected carburotor setting (fig, 7(a)). The fuel- 
air ratio- of ■ tho- curvon at points ' A* B, and C correspond to-tho-. 
individual cylindor fuoL-air ratio at tho cruising' carburetor ~8ot-- 
ting. ' Tho curvos for each cylinder in figtrro 7(a). ere tho samo 
"Shape except, they .rjro .shiftod by- variations of fuol flow and cylin- 
der temperature. Tho abscissa of figure .7(a) was convortod to" fuel 
flow and thon oonvortx^fL- to fuel -flow in excess of cruising carburotor 
sotting and plotted in figuro 7(b). Tor. continued Operation, It is 
assunod that tho ongino must oporato below n maximum tenporaturo 
T*L (fig, 7(b)). Tho" difforonco botwoen ; t.ho highest Cylindor tei*- 
pornturo without additional fuol .and the maximum allowable cylindor 
taraporaturo T^ is tho initial tonpo'raturo difforonce AT. Because 
of tho tcmporaturn-flow characteristics of thermostatically oporatod 
vulvos, it is nocossary if tho cylindor , temperatures aro to bo 
limited to a value of T]_ that additional fuol bo added starting 
at a lowor temperature Tg (Valvn-sonsitivity- 1-i-no, fig. 7(b)). . . 

■The ■frnlvfr-sonsltivity lino rqprosonts tho variation in coolant flow 
pornlitod 'by tho control- valve for a givon variation in' toriporaturo 
and is assumed constant ovor the- oporating range* 

It is evidont from figuro 7(b) that, if T^ is not to bo' 
exceeded, tho control Valves must" add X . fuel to- cylinder 1, 

Y . fuel to cylindet 2, and no fuol to cylindor- 3* If cooling is. 
to bo accomplished by carburotor enrichment, the carburotor must 
enrich" each cylindor by' X ‘ amount and tho resulting- cylindor .ton- 
poraturosvill be A 1 , B>, and C. 1 * ■ . 
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Cylinder fuel-air ratio sneeded to' reduce the temperature of 
the hot cylinders. to J^eximvim allowable teprperature were calculated 
and' the^reapective -braker specific fuel- coUdumptlon values were -found 
for both controls-valve; and carburetor enri chmen t. ■ Comparisons of .. 
the two methdde ..of adding; fuel are presented by 'the following espres- 
sion In terms of percentage gained! 



av. -befc Individual valve control^ . 

" ^^*"*^"^™*** J 100 • 

aV. bafc Oarburetcr enriching s 


■r ■ . - ■ : . 

■ ■ ■ 4 ■ 1 ■ " 

An example, is 1 presented in figure 7 (°) in which the- initial, 
temperature difference AT is considerably smaller than in fig- 
ure 7(b).. -In this example, valve enriching la only required for 
cylinder 2; however, with carburetor enrichment, Z amount of fuel 
must be added to each cylinder because the -temperature of cylinder 1 
will exceed the allowable temperature upon Blight enrichment of 

the carburetor. 


Special cases, fuel codling. - Because of the shape of the 
curves of .additional fuel plotted against temperature, the follow- 
ing two conditions arise, whioh can cause a greater consumption of 
fuel with valve enrichment than would be obtained with carburetor 
enrichment: 

1* In figure 7(d), the initial temperature .T^ for cylinder 2 
is below the maximum allowable temperature T^ but above the valve 
opening tenperature Tg, which causes B amount of fuel to be 
added to cylinder 2 with a resultant 1-obs in economy because no 
enrichment Is required. 

2. In figure 7(^0 » with carburetor enrichment X amount of 
fuel is added to each cylinder and with valve enrichment X amount 
of fuel ie. added to cylinder 1.. If the oooling conditions improve 
during operation, all temperatures will be lowered and the value 
of X will decrease,, When the temperatures have rednoed to the 
conditions represented by figure 7(d), the quantity of fuel injected 
into cylinder 1 la represented by S. If the pilot momentarily 
shuts off the additional fuel, the temperature of cylinder 1 will 
reduce to the value' represented by point B, which ie below the 
valve-opening temperature Tg. The fuel oonsunption will be lower 
at point B than it was before closure of the automatic valve. A 
similar situation exists when carburetor enrichment is used to reduce 
cylinder temperatures,, If the carburetor is manually controlled by 
the pilot and the individual injection is automatic, the carburetor 
control will give more economical operation because no enrichment 
is required under the oooling conditions. ' 
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In the foregoing example, thp automatic Valve can be 'dosed 
hy a momentary reduction of temperatures to belott the valve- sensi- 
tivity line 3?2*-' -Auother method 1 b .to out off momentarily tho fuel 
supplied to '-the automatic valve, -■ Mechanisms for. closing the auto- 
matic valve to return the operation to the haBio fuel— air ratio 
setting line are referred to hereinafter as "closing devices* n 


Water cooling* -'The method used to determine the effects of 
supplying water individually to pverheated cylinders as ‘-compared 
with ‘carburetor enriching is quite similar to ihe method described 
for fuel* - Curves of water-fuel ratio plotted against, cylindeiv- 
• temperature Curves were converted to water flow plotted against cyl- 
inder temperature for the selected carburetor setting (fig* 7(o))* 


The brake' specific -liquid consumption was found. for each cyl- 
■inder by multiplying the individual cylinder .brake- specific fuel 
consumption by 


f. + water added by control valve , \ . 

y fuel supplied by carburetor to cylinder J 

Thope values were, averaged for the- engine and compared with. car- 
bur, ot or enriching by the following expression in terms of‘ percentage 
gained! ' 
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1 - av« bslc, individual valve -control 
av* bsfo, carburetor enriching 
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Illustration of method using engine I data* - Figure f(a) 
represents temperatures of all cylinders for engine I for .fuel 
flows in excess of a carburetor setting of 0.#0,65 fuol-air ratio 0 
The .temperatures at the zero abscissa are -those given in figure 2# 
Figures 8(b) to 8(f) ake eimilaf except that all individual cylin- 
der temperatures for ehch cylindor were lowordd an OqUal amount 
below those taken from figure 2* - An arbitrary, maximum allowable 
' roar- spark-plug-gasket temperature of HOO° F and a valve sensitivity 
of 2 pounds per hourper °F were -selected for the analysis*- -Tho 
method'used to analyze tho' engine I data with water as the internal 
coolant is illustrated in figure 9® ■ '"Cylinders 5 and 6 operate at 
exactly the same temperature (fig. '2 )* The' slope of the curves when 
water- fuel ratio was plotted against rear- spark-ip lug- gasket tempera- 
ture was taken from ref ereneo 3® 


RESULTS ARE DISCUSSION 

Cruising operation with a basic fuel-air ratio of 0 o 065 . - The 
improvements in economy obtained with automat in- valve enrichment as 
compared with carburetor enrichmont are presentod in figure 10 for 
the four engines* These data show appreciable reductions in brake 
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spool fie liquid consumptions, oven with, small amounts of internal 
cooling* The operating conditions o Basing negative improvements 
in ooohbmy are 'not extensive^ ' especially if a closing device -is 
assumed* 

The results for englno X with individual cylinder enriching 
(fig* 10(a)) show a saving of approximately 7 percent over oar- 
hurotor enriching for an initial temperature difference as low as 
20° T* This saving is accomplished even though tho engine had 
good mixture distribution and a spread in cylindor-head temper- 
atures of only 33° F (flgo 2)* The percentage chango in fuel or 
liquid consumption becomes less as the initial temperaturo differ- 
ence is reduced for this engine because the hottest cylinder is 
also a rich cylinder* This hottest cylinder is near the peak of 
tho fuel-air and temperature curve and a small carburetor enrich- 
ment will cool it without aausing the loan cylinders to rise above 
the maximum allowable temperature T]_ (fig* 8) « Similarly* engine 
IT (fig* 10(d)) also shows a small saving in fuol or liquid con- 
sumption with small initial temporaturo differences because the 
hottest cyllndor is a rich cyllndor (figo 5)* 

Figures 10(b) and 10(c) for engine II and engine III* respec- 
tively, reveal epproximatoly 17 to 37 percent reduction in fuol 
consumption* Ro suits for ongine II are probably conservative 
becauso data wero not avallablo for 3 cylinders and calculations 
were based on 13 cylindorso Tho possible economies oited are tho 
results of tho wido range of head temperatures and fuel- air ratios 
(figs* 3 and 4), largo changos in carburetor fuel-air ratio are 
nooossary to obtain even a small amount of cooling bocause, in 
general* tho hottest cylinders are also lean cylinders* Conse- 
quently* largo gains are possible for small initial temperature dif- 
ferences groat or than zero* This fact is further explained as 
follows: Khan the average fuel- air ratio for an ongine is near that 

for best oconomy, tho mixture values of tho various cylinders are 
dlstrllxited on both sides of the temperature peak* Consequently, if 
tho mixture to the entiro ongine is enriched in order to lower the 
temperature of the cylinders at the tooporature peak* the temporaturo 
of tho lean oyllndors will increase and a still richer mixture will 
bo required to bring the loan oyllndors over to the xloh side of 
the temperature curve* 

In general, cooling with water is so mo what more economical than 
cooling with fuel under the foregoing conditions (fig* 10), inasmuch 
as tho cooling curve for water has no temporaturo peak* Engines 
that have loan oyllndors with high temperatures (fig* 3) show a 
marked advantage of water cooling over fuol cooling for a fuel-air 
sotting near that of best economy* Subsequent tests have shown* 
however, that somo of the oritioal aroas of the combustion chamber 
are not adequately oooled with water* 
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Operation with, a basic fuel- air ratio of 0.086. - The reduc- 
tions In fuel consumption with individual- valve enriching as com- 
pared with carburetor enriching obtained for engine 17 operating 
with a basic carburetor setting near that for maximum power are 
shown in figure 11« A comparison of figures 10(d) and 11 shows 
that a change in the basic fuel-air ratio from 0.064 to 0.086 
reduces the possiblo gain in economy from to 17 percent. 

Effect of a change in maximum allowable temperature . - The 
curves used to calculate figures 10 and 11 are based on a maximum 
allowable temperature of 400° 3V The samo curvos, however, apply 
for other maximum allowable temperatures, because all cylinder-head 
temperatures were assumed to have the sane relative spread for all 
cooling-air conditions. 

Effect of valve sensitivity . - All calculations wore made using 
a valve sensitivity of 2 pounds of liquid per hour per °E. Eiguro 
12. which is plotted for engine 17, shows tho effect of valve sen- 
sitivity on the economy of valve enriching. (Tho reciprocal of 
valvo sensitivity is used in fig. 12 for convenience of plotting.) 
Calculations wero made in the regular manner for several valve 
sensitivities and throe initial temperature differences to deter- 
mine possible improvements over carburetor enriching. Preliminary 
tests indicate that practical valves will probably have sensitivities 
ranging from 1.5 to 3 o 0 (reciprocals from 0.67 to 0.33). It con bo 
seen from figure 12 that this entire rango of sensitivities results 
in less than a 1*5 percent difference in brake specific liquid con- 
sumption. Calculations for the other enginos produced similar 
results. 

Improvements in engines bavin/; uniform fuol-alr ratio distribu- 
tions . - The large cylinder-to-cylinder temperaturo differences 
existing on some enginos can only be partly accounted for by unoqual 
mixture distribution. Other factors including unequal charge and 
cooling-air distributions, 'differences in pi Bton-rijog condition and 
cylinder lubrication, and differences in valvo and spark timing all 
contribute to tho unoqual temperature distributions experienced. 

The effect of achieving a uniform fuel-air ratio distribution 
on the present -problem has been analyzed for ongine II and is shown 
in figure 13» The changes in cylinder temperature incurred by the 
assumed uniform-mixture distribution aro shown in figure 3° 

The correction of cylinder temperatures and fuel— air ratios to 
simulate uniform distribution at a basic fuel-air ratio of 0.065 
reduces the maximum advantage of individual-valve enrichment to 
about 15 percent. The data indicate the extent to which the fuol 
consumption of engines having uniform fuel-air distribution but 
nonuniform temperature distribution can be improved by individual- 
cylinder onrlching. 
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SUMMARY OT RESULTS 

Prom the analyslfl of aylindor- to- cylinder temperature and 
mixturo distributions of four redial air— ooolod engines at the 
assumed conditions, the following remarks apply I 

1. In typical air-cooled aircraft- ongino installations operat- 
ing under cruising conditions in idiioh overheating is ordinarily 
prevented by enriching the fuol-air mixturo to the entire engino, 
reductions in fuol consumption from 7 to 37 percont may be realized 
even for moderately overhoatod ongines by adding water or fuel to 
only the overheatod cylinders. 

2 . Appreciable gains in economy are indientod for tamperature- 
llmited enginos operating at ratod power fuel-air ratio. 

3* Approciablo gains in economy are indicated for temperature- 
linitod anglnos having uniform fuol- air mixturo distributions. 

4 0 In g on or nig improvononts in economy are practically indo- 
pondont of tho sonsitivity of the coolant valvos for values of 
sonsitivity groator than 1.5 pound per hour per 0 T. 


Aircraft Engine Eosoarch Laboratory, 

National Advisory Committco for Aeronautics, 
Cleveland, Ohio, July l4, 1945. 
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Fuel-air ratio 

Flgiire 1. - Typical variation of temperature and brake specific 
fuel consumption with mixture strength for engine II cylinder 
(From unpublished NACA data.) 




Fuel-air ratio Rear-spark-plug-gasket temperature 
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Figure 2. - Temperature and mixture distribution of engine I. 
Engine speed, 1940 rpm; manifold pressure, 29,2 inches mercury 
absolute; average fuel-air ratio, 0.065. (Data from Army Air 
Forces-Goord inating Fuel Res. Committee flight tests.) 
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Engine speed, 2250 rpm; manifold pressure, 33.9 inches mercury- 
absolute; average fuel-air ratio: original, 0.070; modified, 

0.065, (From unpublished NACA data.) 


Fuel-air ratio Rear-spark-plug-gasket temperature, °F 
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Figure 5. - Temperature and mixture distribution of engine IV. Engine 
speed, 1794 rpm; manifold pressure, 30.9 inches mercury absolute; 
average fuel-air ratio, 0.064. {From unpublished NACA data.) 


Cylinder 

Figure 6. - Temperature and mixture distribution of engine IV. Engine speed, 1996 rpm; 
manifold pressure, 33. I inches mercury absolute; average fuel-air ratio, 0.086- 
(Prom unpublished NACA data- ) 
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(o) Fuel added In addition to that ' 

supplied at cruising carburetor setting. 

Figure 7. - Illustration of method of obtaining final results In analysis of cyllnder-to- 
eylinder temperature and mixture distribution. 
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Rear- spark-plug- gasket temperature, °P 
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Fuel added, Lb/hr 

Figure 8. - llustration of method used to determine amount of fuel to be added to mixture of 
each cylinder in order to limit maximum temperature. Engine I; engine speed, 1940 rpm; • 
manifold pressure, 29.2 inches mercury absolute; carburetor fuel-air ratio, 0.06c 
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Water flow, lb/hr 

Figure 9. - Illustration of method used to determine amount of water to be added 
to mixture entering each cylinder in order to limit maximum temperature. 

Engine I; engine speed, 1940 rpm; manifold pressure, 89.2 inches mercury abso- 
lute: carburetor fuel-air ratio, 0.065. 
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a) Engine I. 

Figure 10. - Percentage change in brake specific liquid consumption obtained by 
automatically adding coolant to overheated cylinders as compared with adding 
coolant to entire engine. 
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( t> ) Engine II. 

Figure 10. - Continued. Percentage change In brake specific liquid consumption 
obtained by automatically adding coolant to overheated cylinders as compared 
with adding coolant to entire engine. 
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(c) Engine III. 

Figure 10. - Continued. Percentage change in brake specific liquid consumption 
obtained by automatically adding coolant to overheated cylinders as compared 
with adding coolant to entire engine. 
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(d) Engine IV. 

Figure 10. - Concluded. Percentage change in brake specific liquid consumption 
obtained by automatically adding coolant to overheated cylinders as compared 
with adding coolant to entire engine. 




Figure 11. - Percentage change in brake specific liquid consumption obtained by- 
automat ically adding fuel or water to only the overheated cylinders as compared 
with adding coolant to the entire engine. Engine IV; engine speed, 1996 rpm; 
manifold pressure, 33.1 inches mercury absolute; carburetor fuel-air ratio. 
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Valve sensitivity, °F-hr/lb 

Figure 12. - Effect of valve sensitivity on percentage change in brake specific fuel consumption 
obtained by adding fuel to only the overheated cylinders as compared with adding fuel to the 
entire engine. Engine IV; engine speed, 1794 rpm; manifold pressure, 30.9 inches mercury 
absolute; carburetor fuel-air ratio, 0.054. 
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Figure 13, - Percentage change in brake specific fuel consumption obtained by 
automatically adding fuel to only the overheated cylinders as compared with 
adding fuel to the entire engine. Engine II having an assumed uniform 
cylinder-to-cylinder fuel-air distribution; manifold pressure, 3S.6 inches 
mercury absolute; carburetor fuel-air -ratio, 0.065. 
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